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SUMMARY 
Atmospheric di f fusion is examined from a turbulence point of view. 
To develop a dif fusion model, the  s t a t i s t i c a l  theories of G. I. Taylor 
and A. N. Kolmogrov are presented. Various s tud ies  a r e  examined with the  
objective of ascertaining a su i t ab l e  estimate of the  Kolmogrov constant. 
The Li l ly  formula :ts presented a s  a basis  fo r  calculating the d i f fus iv i ty ,  
Km* Radiosonde da ta  is used t o  ca lcu la te  a representative p ro f i l e  fo r  t he  
diss ipat ion of energy, E and the  d i f fus iv i ty ,  Km of the  atmosphere from 
the  surf  ace upwards t o  the  20 mb level .  
CHAPTER I 
INTRODUCTION 
The varying capacity of t h e  atmosphere f o r  t r ans fe r r ing  and di -  
l u t i n g  gases, small p a r t i c l e s  o r  d rop le t s ,  i s  a matter  of p r a c t i c a l  
importance i n  operat ions o r  events involving the  r e l e a s e  or  escape 
of such materials. Problems a r i s i n g  i n  t h i s  f i e l d  have been among 
the  g r e a t e s t  s t i m u l i  t o  the  d e t a i l e d  study of d i f f u s i o n  processes i n  
the  atmosphere ... 
F. Pasqu i l l ,  1962 
Much of t h e  e a r l y  t h e o r e t i c a l  modeling of atmospheric d i f f u s i o n  
is based on a product of t h e  gradient  of the  d i f f u s i n g  substance and a 
c o e f f i c i e n t  of d i f f u s i v i t y .  The t r anspor t  of t h e  substance is assumed 
t o  take p lace  along t h e  gradient  from regions of high concentrat ion t o  
regions of low concentration. Thus estimates of t h e  new concentrat ion 
a s  a r e s u l t  of d i f fus ion  r e q u i r e  an estimate of t h e  d i f fus ion  coef f i c ien t .  
There have been many f i e l d  experiments t o  ob ta in  values f o r  t h e  
d i f fus ion  coef f i c ien t .  I n  add i t ion  t o  t h e  many t h e o r e t i c a l  problems, 
t h e r e  have been -ny p r a c t i c a l  problems associated with t h e  search f o r  
the  d i f fus ion  coef f i c ien t .  F ie ld  experiments can be very expensive. 
Often s p e c i a l  e f f o r t s  such a s  r e l e a s i n g  smoke bombs, s p e c i a l l y  ins t ru -  
mented a i r c r a f t ,  e t c .  a r e  required t o  obta in  t h e  d i f fus ion  c o e f f i c i e n t .  
A problem with these  s p e c i a l  e f f o r t s  is  t h a t  t h e i r  c o s t  prevents them 
from being perforxned rout inely .  A so lu t ion  has t o  relate t h e  d i f f u s i o n  
c o e f f i c i e n t  t o  some other  parameter t h a t  is cheaper t o  obta in  on a rou- 
t i n e  bas is .  An example of t h i s  is t h e  use of a AT/AZ t o  obta in  t h e  
spreading c o e f f i c i e n t s  i n  t h e  Pasquill-Gifford model. 
A method i s  presented i n  t h i s  thes i s  wherein the diffusion coef- 
f i c i e n t  can be economically estimated d i r ec t ly  from da ta  presently col- 
lected on a routine basis .  T h i s  method does not require  extensive or 
elaborate f i e ld  experiments. The da ta  processing is not complicated. 
Thus cos t s  may be kept t o  a minimum. Since the da ta  a r e  collected on a 
routine basis ,  the method would permit the calculat ion on a rout ine ba- 
sis also.  
The essen t ia l  concept of the  method presented i n  t h i s  thes i s  i s  
tha t  di f fusion is a consequence of turbulence. The premise is advanced 
that turbulence ca,n b e  described as an energy process .  Specif  i c i a l l y  , 
the r a t e  of diss ipat ion of energy present i n  turbulence may be used t o  




It may not  be poss ib le  t o  g ive  a b r i e f  o r  concise d e f i n i t i o n  of 
turbulence. Hawever, t h a t  does not  prevent a desc r ip t ion  of turbulence. 
Lumley and Panof sky (1964) desc r ibe  turbulence a s  : 
1. Rotational  (and d i s s i p a t i v e )  
2. Three dimensional 
3. Non-linear 
4. S tochas t ic  
5. Diffusive 
6 .  Having t i m e  and l eng th  scales t h a t  a r e  l a r g e  
7. A continuum phenomenon 
The d i f f u s i v e  c h a r a c t e r i s t i c  of turbulence has a t t r a c t e d  consider- 
ab le  a t t en t ion .  l'ennekes and Lumley (1972) point  ou t  t h e  f a c t  t h a t  the  
r a t e  of t r a n s f e r  due t o  turbulence i s  several orders of magnitude g rea te r  
than t h a t  due t o  molecular d i f fus ion ,  Thus it is postulated t h a t  turbu- 
lence  could be  the  l i m i t i n g  f a c t o r  of t h e  d i f f u s i o n  process taking p lace  
i n  a f l u i d  flow. This would suggest t h a t  i f  a def in ing expression f o r  
turbulence could b e  derived, then perhaps a def in ing expression f o r  t h e  
d i f fus ion  process could a l s o  be derived. 
This is not  e n t i r e l y  a new idea. Adolph Fick (1855) presented t h e  
hypothesis t h a t  has  s i n c e  come t o  be ca l l ed  K theory. Fick 's  Law can be 
s t a t e d  mathematically i n  a form of Poisson's equation: 
This s t a t e s  the  r a t e  of change w%th time of some conservative pro- 
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perty (x) is proportional t o  the  Laplacian (V ) of t ha t  property. This 
simple expression lends i t s e l f  t o  predic t ing t he  fu tu r e  s t a t e  of x i n  the  
atmosphere. V. B;ferknes (1904) s t a t ed  two necessary and s u f f i c i e n t  con- 
d i t i ons  fo r  s o l v i ~ ~ g  forecastfng problems based upon physical law: 
1. A suff:tciently accurate knowledge of the  s t a t e  of the  atmo- 
sphere a t  the  i n i t i a l  time. 
2. A 8uff:Lciently accurate knowledge of the  laws according t o  
which one s t a t e  of t he  atmosphere develops from another. 
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Thus i f  V x is known su f f i c i en t l y  wel l  and i f  K is known s u f f i -  
c ien t ly  w e l l ,  the11 the  value of x a t  some fu tu r e  time may be estimated. 
Turbulence Cri ter ion 
The s tochas t ic  nature  of turbulence makes a turbulent  flow some- 
what d i f f i c u l t  t o  describe. This d i f f i c u l t y  was g rea t ly  simplif ied by 
Osborne Reynolds. I n  h i s  paper on turbulence, Reynolds (1895) made two 
important contribiitions. F i r s t ,  he decomposed the  i r r egu l a r ,  chaotic 
motion of turbulent  flow in to  two components : 
where\V = t o t a l  motion vector 
- 
\V = constant o r  mean component 
\V' , =  f luc tua t ing  o r  turbulent  component. 
Reynolds noticed t ha t  under c e r t a i n  conditions the  magnitude of 
V' was such t ha t  the  flow could be safd  t o  be laminar. For other con- 
d i t i o n s ,  t h e  laminar flow became turbulent .  This l e d  t o  t h e  conclusion 
t h a t  a t  some c r i t i c a l  s i t u a t i o n  a phase change from laminar t o  turbulent  
takes place. This l e d  t o  Reynolds' second major contr ibut ion,  t h a t  of a 
c r i t e r i o n  f o r  turbulence. This c r i t e r i o n  today is known as the  Reynolds 
Number : 
where Re = Reynolds Number 
\V = charact .er is  t i c  ve loc i ty  
L = c h a r a c t e r i s t i c  length  
v = kinematic v iscos i ty .  
There a r e  two d i f f i c u l t i e s  associated with t h e  use  of t h e  Reynolds 
Number. The f i r s t  is t h a t  of t h e  value of t h e  c r i t e r i o n  i t s e l f .  Accord- 
ing t o  experiments performed by Reynolds, t h e  flow became tu rbu len t  f o r  
Re > 1900. V. Walfrid Ekman (1911) attempted t o  dup l ica te  Reynold's re-  
s u l t s  using t h e  very same apparatus a t  Manchester Universi ty t h a t  w a s  
used by Reynolds. Ekman obtained higher values f o r  Re than those ob- 
tained by Reynolds. The di f ferences  can, i n  p a r t ,  be explained by two 
dizferences  i n  experimental technique. F i r s t ,  Ekman allowed t h e  water 
used i n  t h e  experiment t o  come t o  rest before s t a r t i n g  h i s  experiment. 
Second, he  modified t h e  apparatus t o  reduce any disturbances generated 
by t h e  apparatus. This led  Ekman t o  conclude:  h he v e l o c i t y  a t  which 
turbulence set i n  was always higher t h e  smaller t h e  i n i t i a l  disturbances;  
and with s u f f i c i e n t  care i t  came out  considerably higher than Reynolds' 
value". 
I n  add i t ion  t o  E k n  o the rs  have explored Reynolds idea  f o r  a 
c r i t i c a l  value fox: turbulence. I n  examining laminar flow I n  a boundary 
layer, W. Tollmierl (1929) found a c r f t i c a l  value of 420. H. Schlichting 
(1933) obtained a c r i t i c a l  value of 575. The large difference between 
the r e su l t s  of Reynolds and tha t  of Tollmien and Schlichting can i n  par t  
be explained by the f ac t  tha t  Reynolds was dealing with flow through a 
c i rcu la r  pipe whi.1.e Tollmien and Schlichting w e r e  dealing with flow across 
a f l a t  plate.  
The second d i f f icu l ty  with Reynolds Number is  one of def ini t ion.  
That is, what c r i t e r ion  is used t o  define the  charac te r i s t ic  veloci ty  and 
the characteristic: length. In a pipe the charac te r i s t ic  length may be 
eas i ly  taken t o  be  the diameter. However, i n  the atmosphere, no such 
physical boundaries conveniently ex i s t .  Thus comparisons under geometri- 
cal ly  similar conditions may be d i f f i c u l t  t o  achieve i n  ac tua l  practice.  
Taking a sl.ightly d i f f e r en t  tack, L e w i s  F. Richardson examined 
the atmosphere inciorporating a thermodynamic point of view. Richardson 
(1920) a l so  extended the decomposition concept of Reynolds by decomposing 
the kinet ic  energy a s  w e l l  : 
That is, the k ine t ic  energy may be divided in to  tha t  associated 
with the mean and a par t  associated with the  deviation from the mean. 
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Richardson went on to  s t a t e  the turbulent k ine t ic  energy 1/2p \V1 would 
increase i f  
where g = gravi ta t ional  constant 
8 = potent ia l  temperature 
In  1937 Paescke (Richardson, 1952) presented the above a s  a di- 
mensionless number t ha t  is nar  known as the  Richardson Number, Ri: 
The Uchardson Number has the  property tha t  i f  Ri 1.0 then tur- 
bulence w i l l  subside. If  i n i t i a l l y  Ri > 1.0 then no turbulence w i l l  de- 
velop u n t i l  Ri < 1/4 (Businger, 1968). It should be pointed out t h a t  if 
turbulence has already developed, it may continue t o  exist up t o  Ri = 1.0 
(Reiter, 1969). Having a d i f fe ren t  c r i t i c a l  value depending on i n i t i a l  
conditions helps e x p l a h  the difference 2n the  r e s u l t s  obtained by Rey- 
nolds and Ekman. 
There is a dif f iaukty i n  using Richardson Numbers. A s  with Rey- 
nolds Number, the length sca le  (here the height increment) must be care- 
fu l ly  defined. A comparison of Richardson Numbers with s ign i f ican t ly  
dif ferent  height fncrements could lead t o  erroneous conclusions. 
:Turbulence - A S t a t i s t i c a l  Approach 
The concept of Richardson tha t  turbulent f luctuat ion is an energy 
process is  an important advance. However, the question of s ca l e  was not 
r ea l ly  answered by e i the r  Reynolds or Richardson. Another drawback is 
that essent ia l ly  o:nly mean values of the  flow a r e  a l l  the information 
tha t  is ut i l ized.  
G,  I. Taylor, wri t ing i n  a journal devoted t o  mathematics, proposed 
an idea t o  make greater use of the  f luctuat ing nature of turbulence. 
Taylor (1921) introduced the concept of the  cor re la t ion  coef f ic ien t  t o  
turbulence studies.  A s  a pa r t i c l e  moves along i n  a turbulent flow, its 
veloci ty  a t  two d i f fe ren t  times is re la ted  by the  Lagrangian ve loc i ty  
correla t ion coef f i.cient : 
Taylor a l so  introduced the concepts of homogeneous and s ta t ionary  
turbulence. That is, the turbulence is homogeneous i f  the  properties a r e  
uniform in space and stationary if untform fn time. 
A t  f i r s t  Ta.ylor had considered only the Lagrangian case. However, 
Taylor (1935) a lso included the Eulerian case a s  well.  This made things 
convenient a s  Euleirian measurements a r e  usually more convenient t o  make. 
Also i n  hfs  1935 gaper, Taylor introduced the concept of i so t rop ic  tur- 
bulence. That is the fluctuations a r e  independent of t h e i r  axes. H e  
s t a t e s  t h a t  i f  u and u a r e  the  ve loc i t i es  measured a t  two points sep- 
1 2 
arated by a distance x then a correla t ion coeff ic ient  R(x) can be defined: 
where u2 = u2 = u2 
1 2 
This condition t ha t  the  square of the ve loc i t i es  be equal is the condition 
of homogeneity introduced by Taylor. 
The use of the correla t ion coeff ic ient  enabled a s ca l e  t o  be as- 
signed t o  the  turbulence. After some period of time (or distance) the  
turbulent f luctuat ion "forgets" i ts  o r ig ina l  value and R(x) becomes zero. 
That is, there  i s  a scale LC such that: 
I n  this case x Ps a d i s t ance  between two f l u c t u a t i n g  points ,  This of 
course assumes t h e  i n t e g r a l  converges. LC may be  taken a s  t h e  average 
"size" of t h e  eddf-es present  without assuming any eddy model. 
Taylor (1935) obtained a r e l a t i o n  between R(x) a t  small values  of 
x, i. e. X / L ~  I ,  and a length  s c a l e  c h a r a c t e r i s t i c  of t h e  smal les t  ed- 
d i e s ,  t h e  microscale A. 
h may be taken as t h e  f l u c t u a t i o n  length s c a l e  d i s s i p a t i n g  most of t h e  
energy (Sutton, 1953). 
By analogy i n  Fickian d i f fus ion  the  constant  K may be  expressed 
as: 
where t is t h e  t i m e  when R(T) becomes zero. 
I n  1938 Taylor (Taylor, 1938) made another important advance. 
This t i m e  h e  incorporated t h e  idea  of a re la t ionsh ip  between t h e  cor- 
r e l a t i o n  c o e f f i c i e n t  and the  spectrum of turbulence. That is, the re  is  
a re la t ionsh ip  between t h e  autocorre la t ion  R ( r )  and the  va r ia t ions  i n  the  
various f luc tua t ions  observed a t  a given s t a t ionary  point .  I f  f is a 
frequency, then the  energy spectrum E(f) can be defined: 
Taylor, using Fourier analysis ,  showed tha t  
and 
Three important points can be a t t r ibu ted  t o  t he  abwe  expressions: 
1. Eddy s i ze s  can be thought of as  cons t i tu t ing  a continuous range 
of scales.  
2 .  Those eddy s i ze s  contr ibut ing most t o  the  k ine t i c  energy can 
be ident i f ied .  
3. If R ( T )  i s  known then E ( f )  can be found. 
I n  keeping with t he  idea  t ha t  turbulence is an energy process, 
Taylor (1935) proposed that:  
The r a t e  of d i s s ipa t ion  of energy of a f l u i d  a t  any i n s t an t  
depends only on t he  viscosi ty ,  v,  and the instantaneous d i s t r i -  
bution of velocity.  I f ,  therefore,  t he  representation of the  
e s sen t i a l  statistical proper t ies  of t he  veloci ty  f i e l d  can be 
expressed by the  R(x) curve and s imi la r  corre la t ion curves it 
must be poss ible  t o  deduce from them the  rate of d i s s ipa t ion  
of energy. 
There is a problem. This is  described by Lumley and Panofsky 
(1964). Consider t he  case where there  is a f luc tua t ion  about a mean tha t  
is not constant. There may be d i f f i c u l t i e s  i n  separating the  sca les  of 
the  mean value and the sca les  of the  fluctuations.  A possible solut ion 
might be t o  take the average over a  f i n i t e  time as the mean. A d i f f i -  
cul ty  could occur i f  there is a trend i n  the  data. I f  there  is a  trend, 
then the correla t ion coeff ic ient  w i l l  not go t o  zero a t  large scales.  
A. N. K o h g r o v  noted tha t  the f luctuat ions  need not be a l l  of 
the same magnitude. Instead the f luctuat ions  may be described by some 
probabili ty d i s t r ibu t ion  F. H e  used t h i s  t o  make two def in i t ions  
(Kolmogrov, 1941a): 
1. Ihe turbulence is loca l ly  homogeneous i f  the dis t r ibu-  
t ion  F is independent of the  posit ion or time. 
2. The turbulence is loca l ly  isotropic  i f  it  is homog- 
eneous and the d i s t r ibu t ion  F is invariant with re- 
spect t o  ro ta t ion  of the axes. 
Kolmogorv's def ini t ions  d i f f e r  from Taylor's i n  t h a t  Kolmogrov 
requires the  F t o  be steady with t i m e  and t h a t  r e s t r i c t i ons  a r e  placed 
on the velocity differences and not the  ve loc i t ies  themselves. This 
helps ease the problem of a  varying mean. 
Next Kolmogrov proceeded t o  define what is now called the 
II Structure Function". Let u(x) and u(x + r )  be two velocity components 
measured a  distance r apart. Then 
and 
where Dll is measured along the d i rec t ion  of t he  mean flow and D is 
nn 
measured normal t o  the  mean flow. Taking note of the  r e s u l t s  of Taylor's 
1935 paper and von Karman and ~ o w a r t h ' s  1938 paper, Kolmogrw proposed 
h i s  two Similar i ty  Hypotheses (Kolmogrov, 1941a) : 
1. The average properties of t he  small-scale components of 
turbulence a r e  determined uniquely by the  kinematic 
v i scos i ty  v and the  r a t e  of energy diss ipat ion s .  
2. A t  the  la rge  end of the equilibrium range there  is an 
i n e r t i a l  sub-range i n  which the  average proper t ies  a r e  
determined by the  rate of energy d i ss ipa t ion  s  only. 
The f i r s t  s imi l a r i t y  hypothesis is  the bas i s  f o r  three  character- 
istic values for the smallest eddies: 
length (mi-croscale) : 
time : 
veloci ty  : 
v a =  - e 
U = ( v s )  114 
For the  case when r is la rge  i n  comparison with n, Kolmogrov de- 
rived the f ollowi.ng : 
and 
Kolmogrov (1941b) examined the  above proportional re la t ionship 
and using the th i rd  moment 
noted tha t  fo r  local ly  isotropic  turbulence i n  an incompressible f l u id  
d 
For small r the th i rd  moment is small i n  compar~son t o  6v 
Dll. 
However, f o r  l a rge  r, the s i z e  re la t ionship is  reversed. Therefore f o r  
large r 
Now the skewness S(r) of the  veloci ty  f luctuat ions  involves the 
second and third  moments, tha t  is 
Now i t  is possible t o  w r i t e  fo r  l a rge  r. 
where the Kolmogrov constant is 
The exponent. on r ~f 2/3 may be argued from a dimensional analysis 
basis. However, the exponent may be estimated from data.  Let r and r 
1 2 
be two d i f fe ren t  separation distances over a range of r where the theory 
holds, Noting tha t  E i s  independent of r i t  is possible t o  wr i te  
Taking the  log of both s ides ,  i t  is possible t o  wri te  
This r e s u l t  is the form of the  slope of a s t r a igh t  l ine .  Thus 
when D(r) vs  r i s  plotted on log-log paper, the  exponent of r is a 
s t r a igh t  l i n e  over the  region where the  theory holds. Note a l so  t ha t  a s  
long as  the increments of r a r e  of equal s i ze ,  t h e i r  r e l a t i v e  magnitude 
does not a f f ec t  t he  magnitude of m. 
Recalling the  e a r l i e r  discussion about corre la t ion coef f ic ien ts  
it is possible t o  express D(r) a s  a function of R ( r )  
- 
2 
D(r) = 2u [ l  - R(r)] 
0 
where f i  i s  the  veloci ty  charac te r i s t i c  of the  la rges t  eddy. 
0 
The Li l ly  Formula 
A s izab le  elmount of the  published l i t e r a t u r e  has been devoted t o  
turbulent exchange coeff ic ients ,  transport  coeff ic ients ,  d i f f u s i v i t i e s ,  
o r  austausch coeff ic ients .  Two of these coef f ic ien ts  a r e  the eddy heat  
d i f fu s iv i t y  Kh and the  eddy viscosi ty  Km. These two a r e  defined by Lumley 
and Panofsky (1964) a s  
and 
1 1  I 
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Since turbulence can be  anisot ropic ,  both Km and may acquire  
vector  q u a l i t i e s .  Since both momentum and heat may be  transported by 
turbulence with equal  ef fec t iveness ,  it  is of ten  assumed t h a t  
K./K~ = 1 (turbulent  Prandtl  Number) 
D. K. L i l l y  (Li l ly ,  e t  a l .  , 1974) has proposed a method by which 
the  eddy heat  d i f f u s i v i t y  Kh may be  estimated using meteorological mea- 
surements. The argument made by L i l l y  is  t h a t  turbulence i n  t h e  atmo- 
sphere may be characterized by Richardson Numbers near 1/4. 
A development w i l l  be  presented he re  f o r  Km. Let t h e  turbulence 
be characterized by Ri = 1/4. That is, 
Now let N be the  Brunt-Vaisala frequency defined by 
N is the frequency of the  v e r t i c a l  o sc i l l a t i on  tha t  a displaced a i r  par- 
c e l  would have about i ts  equilibrium posit ion.  Thus 
- 
Multiplying both s ides  of t h i s  expression by -utw' y ie lds  
Recalling the  def tn i t ion  fo r  Km then 
-- 
The term -n'wt a " is the rate of production of turbulent kinet- Id 
i c  energy by shear. This r a t e  of production is equal t o  the  sum of the 
viscous diss ipat ion,  E, and the  buoyant removal of energy. If it  is as- 
sumed tha t  
- 
E " - 3 / 4  u'w' I?-1 
with buoyancy e f f ec t s  accounting f o r  the  remainder of the  production term, 
then 
This is the  same expression L i l l y  obtained f o r  heat .  
There a r e  some uncer ta int ies  i n  the assumptions r e l a t i n g  t o  the  
dissipation.  L i l l y ,  i n  h i s  derivation,  estimates the buoyancy f l u x  t o  be 
113 the  diss ipat ion.  However, Lenschow (1973) places the  buoyancy f l u x  i n  
penetrative convection t o  be 1/10 the  diss ipat ion.  I f  this i s  the  case 
then 
would be approximately correct .  L i l l y  estimates h i s  expression fo r  Kh 
may be i n  e r ror  up t o  a fac tor  of 2. Thus it is r e l a t i v e  values r a the r  
than precise values obtained from e i the r  expression t h a t  a r e  important. 
L i l l y ,  e t  nl., (1974) obtained turbulence da ta  from a i r c r a f t  mea- 
surements i n  the stratosphere.  Using the  energy spectrum approach, 
values f o r  E were obtained. These s values were then used t o  ca lcu la te  
%. The heat d i f fu s iv i t y  was found t o  vary with a l t i t ude ,  t e r r a in ,  and 
season. Measuremtmts i n  the summer were higher than those made i n  the  
winter. The values f o r  d i f f e r en t  a l t i t udes  and t e r r a i n  a r e  shown below. 
- 
Table 1. Mean Heat Diffusivi ty  Coefficient, \ 
(Lil ly , e t  a l .  , 1974) 
Alt i tude Water and Flatlands A l l  Mountains 
(W \ (m2/sec) % (m2/sec) 
CHAPTER I11 
CALCULATIONS MADE BY OTHERS 
Calculations of e by Others 
It should be recognized t h a t  ttirbulence is a property of flow. 
I f  there is a flow, then there  w i l l  be  k ine t i c  energy associated with 
tha t  flow. I f  tha t  flow is turbulent,  then it may be possible t o  speak 
of a turbulent k ine t ic  energy. Lumley and Panofsky (1964) develop a bud- 
get for the turbulent kinetic energy using the energy equation: 
where e = tur'bulent k ine t ic  energy 
2 aV = production of mechanical energy u - * az 
gH = production of convective energy 
cppT , ,/ = v e r t i c a l  f l ux  terms 
E = diss ipa t ion  term 
3 e erg 
Typical values of - a r e  on the order of a few gm set. The me- a t  
chanical term may have values of 10 near t h e  surface and decreases 
gm sec 
rapidly with height. The convective term may be on the  same order of 
magnitude a s  the mechanical term a t  heights removed from the  surface. 
R. J. Taylor (1952) examined the  case near the  ground. Here he measured 
the  f l ux  terms and found them t o  be small (<20 -*). I n  t h i s  s i tua-  
ae 
t ion,  assuming - - 0, the  energy equation becomes a t  
A small) the  R. J. Taylor found tha t  under equilibrium conditions (c pT 
P 
energy d i ss ipa t ion  a t  2 meters was: 
Time (GMT) SL) 
'(gm sec 
Another technique uses the diffusion of smoke puffs. This meth- 
od, suggested by Batchelor (1950, 1951), has been used by Gifford (1957). 
I n  t h i s  method the  diameter Yd of a puff of smoke is measured with t i m e .  
A t  f i r s t ,  the  puff spreads according t o  
A t  some l a t e r  t i m e  period the  s i z e  va r i e s  according t o  
3 
The time when the  change from a t2 law to  a t law is 
Thus by measuring t and Yd it is possible t o  measure s. 
A th i rd  technique u t i l i z e s  knowledge of the turbulence spec t ra  of 
the wind. The energy spectrum E(k) of the turbulence may be defined by 
(one dimension case) : 
where k = wave number 
From t h i s  i t  is possible t o  obtain 
roo 
I f  Ko.lmogrov 's second hypothesis is assumed then 
where Kc = a universal  constant 
Pond, et  a l . ,  (1963) have developed a technique whereby the  constant Kc 
may be found. The skewness S(r) of the  veloci ty  differences observed a t  
two points separated by a distance r is re la ted  t o  the  constant Kc by 
Pond, et al., obtained a value of S(r) = -0.32 fo r  r i n  the  i n e r t i a l  
range, o r  K = 0.46. 
C 
With two hot-wire anemometers located 1 meter above a water sur- 
face,  Pond et a l . ,  measured the following values of IZ on July 29, 1962: 
Time of Day 
In  addit ion t o  the value of Kc = 0.46 above, other values f o r  the 
longitudinal velocity component have been obtained. For the l a t e r a l  
velocity component the appropriate value would be 4/3 Kc. Some values 
for  Kc are: 
Experiment or 
Batchelor and Townsend (1948) 
Obukhov (1951) 
Grant, e t  al., (1962) 
Pond, et d.. , (1963) 
Kc 
(longitudinal velocity component) 
A fourth method makes use of the "Structure Function" of the 
Russian school a s  developed by Kolmogrov (see Chapter 11, Turbulence - 
A S t a t i s t i c a l  Approach). I f  Kolmogrovts second hypothesis is assumed, 
then by a dimensional argument the s t ructure function becomes : 
where c = a universal constant 
Gurvich (1961) has examined the relationship of t h i s  constant c 
and the s t ruc ture  function normal t o  mnn) and along (Dll) the mean flow. 
He presented the following arrangement: 
= Dlll/~ll 3 / *  (skewness measured along the mean flow) 
Note tha t  a minus sign appears i n  the expression f o r  c. Several 
negative values fo r  S ( r )  have been obtained experimentally: 1 





-0.38 t o  -0.25 4 4.4 x lo4  
-0.17 t o  -0.11 4.2 x 10 
-0.8 
E -0.45 r 0.05 (r = 25 cm) -0.40 + 0.06 (r = 50 cm) 
Gurvich (1961) points out t h a t  i n  loca l ly  i so t rop ic  flow the  ekew- 
ness measured normally t o  t he  flow, Sn(r), should be zero due t o  syrmnetry. 
Any deviation of Sn(r) from zero serves as an indicator  f o r  t h e  v a l i d i t y  
of t he  theory. In h i s  work he  obtained a value of Sn ( r )  = 0.03 t 0.02. 
Thus several  experimental values f o r  c have been obtained. Town- 
send (1948) used: 
3 
(u2 - u1) 
S(r )  = - 4 -312 I - - c  3 5 (here C = -g c )  
2 3/2 
[(u, - u.1 1 
and obtained a mean value of c = 4/3 (1.53) = 2.04. 
For Gurvich's r e s u l t s  using h i s  expression t he  following mean 
values are obtained : 
(r = 25 cm) 
(r = 50 cm) 
Lumley and Panofsky (1964) s t a t e  t ha t  t h e  constant Kc of t he  
energy spectrum i s  re la ted  t o  the  s t ruc ture f func t ion  constant c by the  
re la t ionsh ip  : 
3 4 K c  = T C  
Using t h i s  re la t ionsh ip  and the  values f o r  Kc t he  following values 
f o r  c a r e  obtained: 
Experimentor 




Grant, et al., (1962) 
Zubkovski (1962) 
Pond, et  al., (1963) 
A modification of the  s t ruc tu r e  function uses f luc tua t ions  of the  
temperature f i e l d  ins tead of f luc tua t ions  i n  t he  ve loc i ty  f i e ld .  The 
s t ruc tu r e  f u n c t i o ~ ~  takes on the  form: 
-113 
where CT = CE *T 
Vinnichenko and Dutton (1969) repor t  tha t  c = 2.8 i n  t h i s  came. 
The r e s u l t s  of t h e i r  s tud ies  of Clear Air Turbulence (CAT) &s determined 
by Project  HICAT a r e  presented i n  Table 2. The reported CAT is based on 
the  react ion of the  a i r c r a f t  encountering t he  turbulence. 
The d i ss ipa t ion  of energy with height has been e d m i n e d  using 
laany d i f f e r en t  techniques. Readings and Rayment (1969) used a tethered 
ballon over the f l a t  open country at Cardington, England. A a e r i e s  of 
midday ascents up t o  one kilometer i n  height were made. During these  
ascents,  measurements of temperature, wind speed, and wind inc l ina t ion  
were taken f o r  f t v e  minute periods a t  various heights. 
Using the  energy spectrum approach: 
Table 2. Mean Values of s and the Thermal Structure Coefficient 
-- 
(km) Reported CAT 'c2 2/31 r(cm2Isec,) cT( Icm 












Vinnichenko and Dutton also provide approximate classifications 
for CAT encountered by aircraft on the basis of the energy dissipation 
E .  





where K = 0.63 (from Panofsky and Pasquill ,  1963). 
C 
Readings and R a p n t  obtained some in te res t ing  prof i les  of c with 
height. One of these is shown i n  Figure 1. I n  t h i s  instance an inver- 
sion existed and, the  r a t e  of diss ipat ion below, through, and above the  
inversion was determined. The two r a t e s  E and E a re  the r e s u l t  of 
1 2 
di f fe ren t  e l e c t r i c a l  smoothing c i r c u i t s  used i n  t he i r  recording equip- 
ment. The important observation is the e f f ec t  an inversion has on the 
energy dissipation.  Note tha t  c decreases with height below the inver- 
sion. However, jus t  below the inversion the r a t e  of energy d iss ipa t ion  
increases sharply. 
I n  another study Ellsaesser (1969) presented c i n  terms of the  
vector standard deviation and mean sca la r  winds. Using long t e r m  (1959- 





E (cm Isec ) 
Using Ellnaesser's r e s u l t s  and the r e s u l t  of others,  a suggested 
composite p ro f i l e  of s with height is presented i n  Figure 2. Note tha t  
a peak occurs a t  a l eve l  jus t  below the tropopause. Although d i f f e r en t  
300 m above 
150 m above 
Top o f  
i nverslon 
Base o f  
inverslon 
150 m below 
300 m below 
2 3 
o (cm /sec ) 
Figure 1. Variation of the Rate of Dissipation Through 
an Inversion (Readings and Rayment, 1969) 
10.0 
2 3 
E (cm /sec ) 
Figure 2. A Composite P r o f i l e  o f  E 
sca les  are involved, t h i s  peak occurs i n  t h e  same r e l a t i v e  pos i t ion  a s  
t h a t  observed by Readings and Rayment, 
Estimates of t h e  Eddy Diffusion Coeff ic ient  by Others 
The eddy d i f f u s i o n  c o e f f i c i e n t  is  not  a quant i ty  t h a t  can be mea- 
sured d i r e c t l y .  It can be  estimated from observed d a t a  f o r  parameters 
t h a t  can be measured d i r e c t l y .  There have been severa l  estimates of t h e  
d i f fus ion  c o e f f i c i e n t  using d i f f e r e n t  techniques and d a t a  sets. These 
estimates suggest t h a t  the  d i f fus ion  c o e f f i c i e n t  may have considerable 
variance . 
One of the  e a r l y  est imates of t h e  d i f fus ion  c o e f f i c i e n t  w a s  made 
by G. I. Taylor (1915). Taylor examined t h e  vir tual- temperature v s  time 
d i s t r i b u t i o n  over t h e  Grand Banks o f f  Newfoundland. From t h i s  he  w a s  
able  t o  make es t imates  of the  d i f fus ion  c o e f f i c i e n t  
Table 3, ~ a y l o r ' s  Estimates of K (Taylor, 1915) 
- ~ ---- ~- - -  ~pp- - ~ 
Height (m) K (m2/sec) Beaufort Wind Scale  
H. J. Steward (1945) using data  col lec ted  by G. M. B. Dobson (1914) 
examined t h e  re la t ionsh ip  between the  Ekman s p i r a l  and viscous stresses. 
H e  obtained t h e  following values f o r  the  d i f fus ion  c o e f f i c i e n t :  
Height (m) 
The order of magnitude d i f fe rence  between Taylor and Stewart can 
be explained, i n  p a r t ,  by t h e  more s t a b l e  maritime air encountered by 
Taylor. This comparison emphasizes t h e  v a r i a b i l i t y  K can have. 
Richard J. Reed and Kenneth E. German (1965) examined ozone and 
sens ib le  hea t  f luxes  i n  the  s t ra tosphere .  Modifying the  equation of mo- 
t i o n  through a form of Fickian d i f fus ion ,  they obtained t h e  following 
values f o r  30' N. l a t i t u d e .  
2 
Table 4. Calculated Diffusion Coeff ic ients  (m /sec) Based on Heat Flux 
Data (Reed and German, 1965) 
Height (km) Jan-Mar Apr- Jun Jul-Sep Oct-Dec 
Their computed values  compared reasonably w e l l  with t h e  Pro jec t  
iiardtack nuclear  test series of 1958. I n  those tests tungsten 185 w a s  
in jec ted  i n t o  the lower s t r a tosphere  and w a s  used a s  a t r a c e r .  
Following up on the  e f f o r t s  of Reed and German, Gudiksen et a l .  
(1968) a l s o  examined the  d i s t r i b u t i o n  of t h e  tungsten 185 t r a c e r .  
Gudiksen e t  a l .  obtained values of the  d i f f u s i o n  c o e f f i c i e n t  from t h e  
var iance  of t h e  meridional wind component. However, these values of K 
were found t o  b e  too l a r g e  t o  expla in  t h e  long term d i s t r i b u t i o n  of the  
tungsten 185. By applying scale f a c t o r s  t o  reduce t h e  c o e f f i c i e n t s ,  more 
reasonable resultrl were obtained. The reduced coef f ic ien t s  used i n  t h e i r  
modeling f o r  30" N l a t .  are :  
2 
Table 5. Calculated Diffusion Coeff ic ients  (m /sec) Based on Meridional 
Wind Variance (Gudiksen, et al. , 1968). 
Height (km) Jan-Mar Apr- Jun Jul-Sep 
Radon decay products have a l so  been used as a t racer .  I. L, Karol 
(1.966) of the  Soviet hydrological se rv ice  obtained a i r c r a f t  measurements 
of lead-210(RaD) imd polonium-21O(RaF). From these measuremnts he was 
able  t o  obtain estimates of the  d i f fus ion  coeff ic ient .  The following 






The e f f o r t s  of Reed and German and t h a t  of Karol are primarily f o r  
the  lower stratosphere.  Considering both t he  troposphere and t he  s t r a to -  
sphere, Davidson e t  al. (1966) examined t h e  d i s t r i bu t i on  of tungsten 
185 from the  1958 U. S. nuclear tests as w e l l  as the  strontium 90 d i s t r i -  
bution from the  1962 Soviet nuclear tests. From t h e i r  modeling they 
found t he  following values of d i f fus ion  coef f ic ien t  t o  give good agree- 
ment with observed data.  
Layer 
St ra tosphere  
Troposphere 
Using Observed concentrat ions of methane taken by Ehhalt (1972) 
and Ehhalt e t  a l .  (1972), Wofsy and McElroy (1973) were a b l e  t o  model 
atmospheric mixing i n  t h e  v e r t i c a l .  One of t h e  b e t t e r  estimates of t h e  
eddy c o e f f i c i e n t  p r o f i l e  obtained by Wofsy and McElroy f o r  the  observed 
CH4 d a t a  is 
Height (km) 
22 0 222 
Radon (Rn and Rn ) is exhaled from the  e a r t h ' s  surface.  The 
reeu l t ing  ve r t i ca , l  spreading of radon is caused by convection and turbu- 
l e n t  d i f fus ion.  Modeling t h e  d i s t r i b u t i o n  of radon and its decay pro- 
ducts, Jacobi  and Andre' (1963) obtained several p r o f i l e s  f o r  t h e  d i f f u r  
s ion  coef f i c ien t .  These p r o f i l e s  d i f f e r e d  according t o  meteorological 
conditions. The p r o f i l e  considered by them a s  represen ta t ive  of the  nor- 
mal  turbulent  condit ions and the  estimated range of values t h e  c o e f f i c i e n t  
could take a r e  presented i n  Table 6. 
However, some caution should b e  used before  accepting t h e  p r o f i l e  
Jacobi  and Andre' present  a s  typica l .  This p r o f i l e  is based on f i t t i n g  
only two observed p r o f i l e s  of radon and assuming a source s t r eng th  f o r  
radon. Thus the  t y p i c a l  p r o f i l e  is "typical"  i n  t h e  sense t h a t  i t  may 
occur. Two soundings a r e  i n s u f f i c i e n t  i n  number t o  e s t a b l i s h  a mean o r  
modal p r o f i l e  of K. 
Table 6. Estimates of the  Turbulent Diffusion Coeff ic ient  
(Jacobi and Andre', 1963) 
2 2 
Height (km) Typical (m /sec) Range (m /sec) 
A l l  of these  d a t a  i n d i c a t e  t h a t  t h e  d i f fus ion  c o e f f i c i e n t  in- 
creases with a l t i . tude  t o  the  v i c i n i t y  of o r  j u s t  below t h e  tropopause. 
Here the  c o e f f i c i e n t  decreases with height  and maintains a l o w  value  
through t h e  lower s t ra tosphere .  A t  higher a l t i t u d e s  the re  is evidence 
not  presented he re  t h a t  shows t h e  d i f f u s i o n  c o e f f i c i e n t  t o  again inc rease  
with height  . 
CHAPTER I V  
THE DATA USED IN THIS STUDY 
The Data 
The da ta  used i n  this study are radiosonde wind and temperature 
measurements. The observations were taken by the  National Weather Ser- 
vice, U. S. Department of Conrmerce. The radiosondes were launched from 
Athens, Georgia. After the  completion of a sounding, the da ta  were trans- 
ferred to  the National Climatic Center, Ashville, North Carolina f o r  
archival purposes. 
A magnetic tape containing three months soundings w a s  obtained 
from the National Climitic Center. The tape was created using the COBOL 
language with an IBM character set on a RCA machine maintained by Univac. 
The period of record on the tape was  August, September, and October, 1974. 
The tape contained both the 002 and 122 soundings. Both standard and 
s ign i f ican t  l eve ls  f o r  each sounding a r e  contained on the tape. However, 
only the standard leve ls  were used i n  t h i s  study. 
A s  f a r  as  t h i s  study is concerned, there is nothing unique in the 
choice of e i t he r  the  location or  period of record. The choice w a s  in- 
f luenced only by the ava i l ab i l i t y  of data ,  and the des i r e  t o  obtain da ta  
i n  the  v i c in i ty  of Atlanta f o r  possible use i n  other unrelated studies.  
With the exception of these r e s t r i c t i ons ,  both the location and period 
of record may be considered a s  taken at  random. 
Determination of Longitudinal and Lateral  Flow 
I n  a laboratory s i t ua t ion  the determination of longitudinal and 
l a t e r a l  di rect ions  of flow is re l a t i ve ly  simple. The longitudinal direc- 
t ion  i n  t h i s  case  may be taken a s  the  d i rec t ion  pa ra l l e l  t o  the  axis of 
the pipe, channel, o r  wind tunnel used. Huwever, i n  the atmosphere 
there a r e  not usually such convenient physical u tens i l s  available. I n  
the atmosphere the  wind can and does blow from almost every direct ion.  
Therefore the  problem becomes one of the  determining by some method an 
average or  prevail ing direction.  This prevail ing d i rec t ion  may then be 
assigned as the direct ion pa ra l l e l  t o  the longitudinal flow. 
The method used i n  t h i s  study was t o  f i r s t  construct  w i n d  roses  
fo r  each of the 23  leve ls  examined. From these wind roses an estimate 
of the  most frequently occurring direct ion w a s  made. In  an e f f o r t  t o  
provide a check on the estimate, the skewness of the l a t e r a l  wind dis- 
t r ibu t ion  was exsrmined. The objective was t o  f ind  a d i rec t ion  tha t  made 
the skewness as <:lose t o  zero a s  possible. The log ic  is tha t  f o r  a nor- 
m a l  d i s t r ibu t ion  the skewness about the mean is zero. Table 7 shows the 
estimates used i n  t h i s  study. It should be pointed out the skewness 
values obtained a r e  not precisely zero. However, the differences a r e  
f e l t  t o  be within acceptable l imi t s  f o r  experimental error .  
The prevail ing direct ions  l i s t e d  i n  Table 7 follow the meteorolog- 
i c a l  convention of presenting wind d i rec t ion  i n  degrees ea s t  of north 
from which the wind is blowing. An in te res t ing  observation concerns the 
surface winds. Annually the prevail ing surface wind for  Athens, Georgia 
is  from the northwest. However, the prevail ing direct ions  from long t e r m  
data fo r  the months covered i n  t h i s  study are: 
Table 7 .  General Meteorological Data 
Level Pressure Prevailing 































Pressure height i n  taken from the U. S .  Standard Atmosphere Supplements, 





I f  the  ui a r e  no t  equal then i t  is postula ted  the  turbulence is  anisotro-  
pic.  
The radiosonde d a t a  used i n  t h i s  s tudy does not  provide any infor-  
mation about the  f luc tua t ions  i n  t h e  v e r t i c a l .  Thus only two dimensional 
isotropy w i l l  now be  considered. The l o g i c  is t h a t  while the  t h r e e  di- 
mensional case can no t  be proven here ,  t h e  t h r e e  dimensional case can not  
exist i f  t h e  two dimensional case  f a i l s .  
The hypothesis t o  be  t e s t e d  is: 
This compares we l l  with the  d i r e c t i o n  of 45' obtained from t h e  radiosonde 
data.  
A Tes t  f o r  Isotropy 
I n  the  theory of i s o t r o p i c  turublence t h e  axes are invar ian t  wi th  
ro ta t ion .  From Kolmogrov it might be. assumed the  p robab i l i ty  d i s t r ibu-  
t i o n s  a r e  independent with respec t  t o  t h e  axes. It is suggested t h i s  
could be  t h e  b a s i s  of a test f o r  isotropy. 
Using t h e  Centra l  Limit Theorem it is poss ib le  t o  assume t h e  f luc-  
t a t i o n  components along each of the  axes have a normal d i s t r i b u t i o n .  
That is, 
2 




Let t ing  v - No - 1, where N ia t h e  number of observations,  t h e  
0 
test statistic is 
H would no t  be  r e j ec ted  i f  
0 
where u is the  p robab i l i ty  of a type I e r r o r .  That i s  a is t h e  probabi- 
l i t y  of r e j e c t i n g  H when H is r e a l l y  t rue .  
0 0 
It i s  a l s o  possible t o  determine the  power of such a test. I f  
2 2 
A = a /a then the  p robab i l i ty  of a type I1 e r r o r  is 1 n' 
B i s  the  p robab i l i ty  of f a i l i n g  t o  r e j e c t  the  n u l l  hypothesis  when H i s  
0 
a c t u a l l y  f a l s e .  The power of t h e  test o r  t h e  p robab i l i ty  of c o r r e c t l y  
r e j e c t i n g  H is then 
0 
While i t  is poss ib le  t o  a c t u a l l y  compute t h i s  va lue  an e a s i e r  way 
is t o  u t i l i z e  Operating C h a r a c t e r i s t i c  (OC) curves. For t h i s  s tudy the  
curves appearing i n  Hines and Montgomery (1972) were used. There are a- 
round 180 observations per  l e v e l  i n  t h i s  study. For a A of about 1.4 
t h e  OC curves i n d i c a t e  a p robab i l i ty  around 90% of c o r r e c t l y  r e j e c t i n g  
H a t  the  5% l e v e l  of s ign i f i cance  and a probab i l i ty  of about 85% a t  t h e  
0 
1% level .  A s  a r e s u l t  of t h e  sample s i z e s  used, t h i s  would seem t o  be a 
good test. 
F has been computed f o r  each of t h e  standard l e v e l s  looked a t  
0 
t h i s  study. These values a r e  shown i n  Table 8. The values of t h e  F dis-  
t r i b u t i o n  may be found i n  many s t a t i s t i c s  books. The t a b l e s  appearing 
i n  Hines and Montgomery (1972) were used here. 
An examination of Table 8 revea l s  t h e  f a c t  t h a t  t h e  long i tud ina l  
and lateral variances d i f f e r  s i g n i f i c a n t l y  from each other  near t h e  sur- 
f ace  and i n  the  s t ra tosphere .  Thus t'he turbulence may be  considered 
anisot ropic  a t  these  l eve l s .  
The f a c t  t h a t  turbulence i s  an i so t rop ic  near t h e  su r face  is not  
unexpected. Near t h e  su r face  the re  is not  s u f f i c i e n t  room f o r  t h e  eddies 
t o  develop i n  equal  s i z e  i n  a l l  d i rec t ions .  The e a r t h ' s  su r face  has  t h e  
e f f e c t  of an i so t rop ica l ly  damping the  eddies. 
The anisot ropic  turbulence i n  t h e  s t r a tosphere  can b e  explained by 
the  much g rea te r  s t a b i l i t y  e x i s t i n g  i n  t h a t  region. This s t a b i l i t y  has 
the e f f e c t  of damping v e r t i c a l  f luc tua t ions .  
Table 8 .  Test for Isotropic Turbulence 
Level S1 S Number of Test S ta t i s t i c  n 2 2 

























* F is significant a t  both the 5% and 1% leve ls ,  therefore the hypoth- 
0 
e s i s  that three dimensional isotropy ex is t s  a t  these leve ls  i s  rejected. 
CHAPTER V 
DETERMINATION OF e AND $ 
The r a t e  of turbulent  energy d i ss ipa t ion  e was calculated i n  t h i s  
study by computing t he  longi tudinal  s t r uc tu r e  function 
Dll(~) w a s  then p lo t ted  vs  T on a log-log scale .  The s lope m w a s  then 
estimated f o r  t h a t  region where the  slope w a s  approximately 2/3. As was 
shown earlier. 
The constant of proportionali ty w a s  taken t o  be 2 . 1 4 ~  where 2.14 i s  an 
assumed value for: the  Kolmogrov constant. Thus E was estimated by 
&ere T was take11 from values within the  2 1 3  range. The estimated values 
of nn and e obtained a r e  shown i n  Table 9. 
The eddy c l i f  fu s iv i t y  coef f ic ien t  K was calculated using t h e  L i l l y  m 
formula i n  the  form 
where N is the  average Brunt-Vaisala frequency . Individual  Brunt-Vaisals 
10 
T (in 12 hour intervals) 
Figure 3.  Longitundinal Structure Function - 700 mb Winds 
900 
.GI0 .020 .030 .040 
Average Brunt - Vai sal a Frequency (1 jsec) 
Figure 4. Average Brunt-Vaisala Frequency Computed from Athens, Georgia, 
002 and 122 Radiosonde Soundings, Aug.-Oct., 1974 
frequencies fo r  each sounding were calculated by 
- 
The average of these individual  frequencies was then obtained. N as 
calculated was f o r  a layer  of thickness Az and not f o r  a specif ied level .  
To overcome t h i s  d i f f i cu l t y ,  the  computed values of N were p lo t ted  a t  
the midpoint of each Az and a smooth curve was then constructed connect- 
ing the  plot ted midpoints. E s t i m a t e s  of N were then taken from t h i s  
curve (Figure 4) f o r  each of the  l e v e l s  of i n t e r e s t .  The values obtained 
i n  t h i s  manner a r e  shown i n  Table 9. 
Using the  estimated values of E and N, values of K were i n  tu rn  m 
estimated. These values of K a r e  shown i n  Table 9. 
m 
The e s sen t i a l  r e s u l t s  of t h i s  study a r e  i l l u s t r a t e d  i n  Figure 5 
and Figure 6. These show the  p ro f i l e s  of E and K i n  t he  ve r t i c a l .  Due m 
to  possible sampling problems, values i n  t he  surface  boundary layer  a r e  
not drawn. 
The values fo r  E i n  Figure 5 above t he  surface boundary layer  show 
a somewhat s imilar  shape t o  the  composite p r o f i l e  i n  Figure 2. The values 
i n  Pigure 5 a r e  somewhat larger .  Both f igures  show a maximum a t  o r  below 
the  tropopause. It is f e l t  t ha t  i f  data  were taken with a time i n t e rva l  
much shor ter  than 12 hours, then an increase  i n  the boundary layer  might 
be observed. 
The p ro f i l e  of K suggests a near constant K with height above 
m m 
the  boundary layer and below the  turb.ulent layer  under the  tropopause. 
The values obtained f o r  the troposphe,re suggest some v a l i d i t y  t o  the  mo- 
Table 9. Estimated Values for E, Brunt-Vaisala Frequency, and Km 
l eve l  Slope D~~ (r) / rm 6 Brunt-Vaisala 
2 3 Km 

























1 m E Where E = - D (r)/r and Km = - 2.14 11 
4i2 
d e l  presented by Davidson e t  a l . ,  (1966) where the  d i f fu s iv i t y  was a 
constant i n  the  troposphere. The values obtained i n  t h i s  study a r e  some- 
what smaller than t h a t  modeled by Davidson e t  a l .  Since there is some 
uncertainty i n  the  assumptions df the  L i l l y  formula, i t  is  f e l t  t ha t  the  
values represent an approximate three  month mean fo r  the  chosen loca t ion  
t o  within a fac tor  of 2. 
An important assumption tha t  was made w a s  t h a t  the  buoyancy ef- 
f e c t s  were minimal. I f ,  as L i l l y  assumes, the  buoyancy e f f e c t  i s  1 / 3  
t he  d i ss ipa t ion  and not  1/10 as assumed have, then a l l  of the  Km values 
presented here a r e  low by a constant fac to r .  
A thorough examination of t he  e f f ec t s  of f i n i t e  sampling and av- 
eraging times is beyond the  scope of t h i s  work. For t h i s  study the  ef-  
f e c t  of f i n i t e  sampling and averaging t i m e s  is tha t  of a f i l t e r .  That 
is, ce r t a in  f luctuat ions  a r e  eliminated by t he  da t a  co l lec t ion  process and 
a r e  not avai lable  f o r  analysis. A s  these  f luctuat ions  are eliminated, the  
sample variance decreases. Thus t o  keep the  sample variance c lose  t o  
the  whole variance obtained with in f in i t es imal  averaging time, sample 
sets should be as  l a rge  as  possible,  s ince  the one minute averages of the  
radiosonde a r e  not  subject  t o  easy change. 
An addi t ional  problem is the  f a c t  t ha t  the radiosonde observations 
a r e  12 hours apar t  and the averaging time i s  on the order of one minute. 
Thus only 0.139% of the turbulence is ac tua l ly  observed. Events occur- 
r i n g  between observations go unrecorded and thus unprocessed. Thus many 
shor t  l ived f luctuat ions  a r e  not included i n  t h i s  study. 
The values f o r  E and the  resu l t ing  Km near the surface appear t o  
be on the low side. It is f e l t  tha t  the cause for  the  r e l a t i ve ly  low 
values l i e s  with the  data  col lect ion process ra ther  than a f a i l u r e  of 
the theory. The time constant of 12 hours between radiosonde soundings 
f i l t e r s  out the shor t  l ived turbulence exis t ing near the surface. An- 
other factor  is tha t  the soundings a r e  made a t  7:00 A. M. and 7:00 P. M. 
EST. daily.  A t  these times turbulence i s  not f u l l y  developed near the  
surface while the leve ls  above the surface a r e  more affected by synoptic 
influences. Consequently the  energy d iss ipa t ion  is great ly  reduced near 
the surface a t  these times of the day. 
The energy diss ipat ion maximum and hence rapid diffusion rate j u s t  
below the tropopause is analogous t o  the  observation by Readings and 
Rayment (1969) o:f an energy diss ipat ion max imum j u s t  below an inversion. 
Readings and Rayment suggested the cause of t h i s  E maximum to  be due t o  
the decay of thermal energy. I n  t h i s  s i t ua t ion  a smoke plume could rise 
re la t ive ly  i n t ac t  t o  a turbulence layer below an inversion. Upon reach- 
ing the turbulent layer the  plume would spread horizontally ra ther  rapid- 
l y .  This can be seen on a la rger  sca le  i n  the  atmosphere when observing 
a thunderstorm. The convective c e l l  (plume) remains r e l a t i ve ly  i n t a c t  
u l t h  observable boundaries. Near the tropopause the thunderstorm spreads 
out i n  a ve r t i ca l ly  th in ,  horizontally broad anvi l  downwind from the 
thunderstorm c e l l  (plume). The difference here between the smoke plume 
and the thunderstorm is one of sca le  a s  f a r  as the  atmospheric processes 
a re  concerned. 
2 3 
E (cm /sec ) 
Figure 5 .  A Profile of E From Radiosonde Data 
2 K, = 0/4N 
Wofsy and McElroy (1973) 
- - - - -  Jacobi and Andre' (1 963) 
O O w * e  Gudiksen, e t  a l . ,  (1968) 
Stewart (1  945) 
Read and German (1965) 
Figure 6. A Profile of Km From Radiosonde Data 
CHAPTER V I  
CONCLUSIONS 
It i s  f e l t  t h a t  t h e  Kolmogrov S imi la r i ty  Theory of energy d i s s i -  
pa t ion  and t h e  L:illy formula provide a means f o r  examining r e l a t i v e  fea- 
t u r e s  of t h e  atmospheric d i f f u s i o n  processes. The technique a s  presented 
i n  t h i s  paper allows t h e  d i f fus ion  c o e f f i c i e n t  t o  be est imated d i r e c t l y  
from rou t ine ly  co l l ec ted  meteorological  da ta .  
I n  any d i f f u s i o n  study the  ques t ion  of s c a l e  needs t o  be consid- 
ered. I n  t h i s  study the re  ex i s t ed  a r e l a t i v e l y  l a r g e  t i m e  i n t e r v a l  be- 
tween observations.  A s  a r e s u l t  only gross f e a t u r e s  e x i s t i n g  over a 
th ree  month period were examined. I f  da ta  wi th  a s h o r t e r  t i m e  i n t e r v a l  
between observations were ava i l ab le ,  then f e a t u r e s  of a smaller time 
s c a l e  could be observed. Likewise, i f  d a t a  were ava i l ab le  a t  more lev-  
els, then more d e t a i l s  of t h e  v e r t i c a l  s t r u c t u r e  could be observed. It 
i s  t h e  da ta  t h a t  impose r e s t r i c t i o n s  on t h e  s c a l e s  examined and not  t h e  
method. 
The method presented i n  t h i s  paper doe6 provide some b a s i s  f o r  
considering d i f f u s i o n  a s  an energy process. Thus a knowledge of E may 
be used t o  estimate t h e  r a t e  a t  which d i f f u s i o n  is taking place.  By 
using an energy approach, r e s t r i c t i o n s  on t h e  physica l  na tu re  of t h e  
mater ia l  being d i f fused a r e  kept t o  a minimum. 
The method presented i n  t h i s  paper suggests  t h a t  t h e  d i f f u s i o n  co- 
e f f i c i e n t  i n  t h e  atmosphere is  not  a constant  and v e r t i c a l  p r o f i l e s  of 
K i n d i c a t e  d e t a i l s  of considerable i n t e r e s t .  It is  f e l t  t h a t  t h e  Km m 
peak j u s t  under an invers ion is  not a chance occurrence seen only i n  
the  examples presented i n  t h i s  paper. It is f e l t  t h a t  the  observed peak 
plays a r o l e  i n  the  atmospheric processes. Further s t u d i e s  using t h i s  
method should provide some i n s i g h t  t o  its ro le .  
The s t r u c t u r e  function allows f o r  a much g rea te r  u t i l i z a t i o n  of 
e x i s t i n g  d a t a  compared t o  other methods. By taking advantage of t h i s  
g rea te r  u t i l i z a t i o n  g rea te r  d e t a i l s  may be  observed i n  mathematical -form. 
The use of t h e  s t r u c t u r e  funct ion permits  the  ca lcu la t ion  of a rate of 
energy d i s s ipa t ion .  The r a t e  of energy d i s s i p a t i o n  can be  used t o  esti- 
mate the  r a t e  of d i f fus ion  taking place. Thus the b a s i s  f o r  t h e  method 
presented here  is t h a t  d i f fus ion  is a n  energy process. Therefore i f  
knowledge of t h e  energy processes is known, then the  d i f fus ion  can be 
estimated. 
APPENDIX 
The following is  a l i s t i n g  of the program used t o  calculate  the  
values of the s t ruc ture  function. The program was wr i t ten  i n  the  
FORTRAN language f o r  use on a Control Data Corporation CDC 7000 s e r i e s  
computer. Generous use was made of subroutines throughout the  program. 
The computer r e s u l t s  were ver i f ied by checking against  hand calculat ions  
fo r  a sample set of data pr ior  t o  running wer the e n t i r e  Athens data. 
Since missing data  values a r e  a r e a l  world problem, the program was de- 
signed with recognition of missing da ta  i n  mind. 
The control cards for  use of the program a r e  (omitting user num- 




PROGRAH MAINBOO ( INPUT~OUTPUT,TAPEI~T IPE~=OUTPUT)  
OIHENSION D I R ( 3 0 )  
COMMON /BLOCK1/ I B U F  (200 ) 
COMMON /BLOCKL/ P ( 7 9 ) r  2(79 ) ,  T ( t 9 ) .  RH(79)  r WD(79)r 
+ WS(79) 
COMMON /BLOCK3/ PS(301, Z S ( 3 O ) r  T S ( 3 O ) t  HHS(3O)r  
+ HOS(3G) r WSS(30) 
COMMON /8COCK6/ AMONTH(I3) 
COHMON /BLOCK9/ PMISS~Z~ISS~TMISS,RHMISS~WO~~SS~WSMISS 
COHHON /BLOCKID/ D ( 3 0 1 4 O )  
COMMON / B L O C K I l /  U(30,184) 
DATA AMONTH/9H JANUARY r9HFEBRUARY r 9 H  MARCH 9 
+ 3H APRIL  9 
+ 9H MAY 99H JUNE 9 9 H  JULY 99H AUGUST r 
+ 9HSEPTEMBERr 
+ 9H OCTOBER ,9HNOVEMBER q9HOECEMBER r9H ANNUAL 1 
DATA I S T A T .  I Y R T  1 M O . I D A Y  I IHR. N L V L l 6 * D l  
DATA PMISSr Z M I S S ,  T M I S S q  RHHISS/O .0 ,-99999*.-9949. 
+ -999. / 
DATA WOMISSr HSMISS/999.,999r/ 
DATA OIR/2+45 . r6B . r27Or r292 .  r 2 3 6 . * 2 * 2 7 0  4 2 8 0 m e  
t 2'2704 ,260.9 
t 4*270 .~2*280 . r3 *30 .~270 . *249 .~4*999 . /  
W R I T E t 6 r 6 0 0 0 )  
I H 1 =  8 
IM2= 10 
IHOURZ 25 
I Y H =  74 
1 = 0  
R E W I N D  1 
1 0  CONffNUC 
B U F F E K  I N  ( l r l )  t I B U F ( 1 )  9 IBUF(ZOO1) 
I F ( U N I T ( i 1 )  3 0 ,  600,  2 0  
2 0  W R I T E ( 6 r 6 0 1 0 l  
GO T O  9 0 0  
30  CONTINUE 
C A L L  PLUCK(IYR,IHO,IOAYrIHRr NLVL) 
CALL UNPAK4NLVL) 
C A L L  STANCVL 
IF(IHR.EQ.O.OR.IHH~EQ.12B 40,  1 0  
40 CONTINUE 
I = I + S  
DO 5U L=1930  
DEG = O~iJi f453L925*(W3S(L)  - O I R ( L ) )  
U(L.1) = WSS(L)*COS(OEG) 
PROGRAM MAINBOD ( I N P U T ~ O U T P U T ~ T A P E ~ ~ T A P € ~ ' = O U T P U T )  
IF(b4SStI . I  aEQeWSMISSaOHeWOS(L~ .EQ.HOHISS) U(L,  
+ 11 = W S M I S S  
50 CONTINUE 
GO TO 1 3  
600 CONTINUE 




9 0 0  CONTINUE 
REHINO 1 
S T O P  
6000  FORMAT(1Hl )  
6010 FORMATtlHO,*PARItY EHROiZ*) 
E NO 
S'UBROUTINE PLUCK ( I Y  Hv IMOI IOAY 9IHRa NLVL) 
THIS SUBROUTINE REQUIRES THE USE OF 
INTEGLR FUNCTION NGET 
SUBROUTINE I G E T  
TOF-56 FORMAT IS ASSUHEO 
COHHON /BLOCKI/IBUF(200J 
IS=5 
IE= IS + 4 
I S T A T =  H G E T i I S , I E )  
I S =  I €  + 1 
I E =  IS + i 
IYR= N G E T t I S v I E )  
IS" I€ + 1 
I E  = I S  + 1 
IHO= N G E T ~ I S I I E )  
IS= I€ + I 
If= IS + 1 
X D A Y =  NGET(ISIIE) 
IS= I€ + 1 
IE= IS + 1 
I H R =  NGETIISIIE) 
IS= I€ + I 
I€+ IS + 1 
NLVL= NGET(IS9 IE) 
REf  URN 
END 
SUBROUTINE UNPAK (NCVL) 
T H l S  SUBROUTINE REQUIRES THE USE OF 
INTEGER FUNCTION NGET 
SUBROUTINE I G E f  
TDF-56 FORMAT I S  ASSUMED 
COMMON /ElLOCKi/IBUF(200) 
COHMON /BLOCKZ/ P ( 7 9 ) .  Z ( 7 9 ) .  T ( 7 9 ) r  RH(79 )s  WD(79)s 
+ WS ( 7 9 1  
COHMON /BLOCK9/ PMISS~ZMISS~TMISS,RHMISS~WOMISS~WSMISS 
DO 10 3 ' l rNLVL 
I S = J * 2 5  1 
I£= IS + 4 
P t J ) =  Ff OAT(NGET4ISr I € )  I/IO.O 
I S =  I €  + 1 
I€= IS + 4 
Z ( J ) =  F L O A T ( N G t T f I S , f E ) )  
I S =  I€ + I 
I€= IS + 2 
T ( 3 ) =  F L O A T ( N G E T ( I S I I E I ) / ~ U . O  
IS= I€ I, 
I€= IS + 2 
H H ( J ) =  FLOAT(NGET( IS I IE ) I  
IS= I €  + 1 
I€= I S  + 2 
W O ( J ) =  F L O A T ( N G L T ( I S , I E l )  
IS= I€ + 1 
IE= I S  + 2 
HS(31= FLOAT(NGET(ISq1EJ 8 
1 0  CONTINUE 
IF(NLYL.LT.79) GO T O  20 
RETURN 
20 C V L =  NLVL 4 1 
00 30 J = L V L + 7 9  
P ( J 1 =  PMISS 
Z ( J ) =  Z M I S S  
T ( J b =  T M I S S  
R H (  J) = K H M I S S  
W O ( J I =  WOMISS 
WS(J)= WSMISS 
30  CONTINUE 
RETURN 
END 
INTEGER FUNCTION NGEf ( I S T I E )  
T H I S  INTEGER FUNCTION REQUIRES THE USE OF 
SUBROUTINE I GET 
COMMON / B L O C K l / I B U F ( 2 O O )  
NGET= 0 
00 30  J = I S e I E  
CALL I G E T ( J 9  I G Q T ,  I SIGN)  
NGET= IABS(NGETJ + IGOT 
NGET" ISIGH*NGET 




SUBROUTINE I G E T ( N 9  IGOTr  I S I G N )  
CONMON /BLOCKI / IBUF(2OO)  
I S I G N Z  1 
IHORO= ( N - l ) / l O  4 I 
LC= H O O ( N - 1 ~ 1 0 )  
I C =  IC*6 
I X =  S H I F T f f S U F ( L W 0 R D )  9 I C I  
I X =  A N D ( 1 X s  M A S K ( 6 1 )  
I X =  S H I F T ( I X , G )  
I F ( I X . G r . 2 7  .AND.IX.LE.36) 2 0 9  2 0  
1J I G O T =  IA - 27 
GO TO i 1 0  
20  I F ( I X . L E .  9) 30, 4 0  
30 I G O T Z  I X  
GO TO 120 
+ G  I F ( I X I L T . Z T )  5 0 9  00 
50 IGOTZ I X  - 9 
I S I G N Z  -1 
GO T O  110 
60 1 F i I X . ~ Q . 5 8 1  70,  80  
70  I G O T =  0  
G O  T O  110 
8 d  IF(IX.EO.54) 909 i D J  
90 IGOT= 0 
I S I G N Z  -1 
GO T O  1 1 0  
100 W R I T E ( 6 , 6 b l G )  
IGOT= I X  
i i O  CONTINUt  
R E 1  URN 
6010 FORMAT (1H ,*PROCLEH I N  SUaROUTINE I G E T * )  
END 
SUBROUTINE STANLVC 
COMMON / B L O C K Z /  P ( 7  9) 9 Z ( 7 9 )  9 T ( 7 9 )  r R H ( 7 9 )  9 W0479) r 
+ U S ( 7 9 )  
COHMON /BLOCU3/ P S ( 3 0 ) r  Z S ( 3 0 1 ,  T S ( 3 0 ) q  R H S ( 3 U ) r  
+ WOSC30). W S S I 3 0 )  
COHMON /8LOCK9/ PMISS~ZHISS,TWISS~RHMISStWDHISSsWSHISS 
DATA ( P S ( 1 )  9 I= 2 r  9 1 / 1 3 0 O . r 9 5 0 r  990J . ,85 i i *  9 8 O G o  s750e s 
+ 7 0 5 r , b 5 0 . /  
D A T A  (PS(I)* 1=i0,i7~~6~a.~5~0.,~~0.~~5i3.~100.~3~a.~ 
+ 3 0 0 . r 2 5 0 - /  
O A T A  ( P S t I ) ,  I ~ i 8 ~ 2 9 ) / 2 U O ~ ~ 1 5 0 e r i O O ~ ~ 7 0 e ~ 5 O e ~ 3 O e ~ 2 0 ~ ~  
+ ~ 0 . , 7 . r 5 * , 3 e /  
O A T A  ( P S ( Z ) ,  1=29,30)/2.,1./ 
P S ( 1 ) =  ?(I) 
Z S ( r ) =  Z(1) 
T S ( r ) =  T ( 1 )  
HHS(I)= HH( l .1  
W D S ( i ) =  140(1) 
WSS(1) '  dS(11 
JJ= 2 
00 40 I =  2 9 3 0  
Z S ( I ) =  Z M I S S  
T S ( I ) =  T M I S S  
RHS( 1)' RHMISS 
W D S ( I ) =  WOMISS 
W S S ( I 1 '  WSMISS 
DO LO JZJJ.79 
I F ( P ( J J . E Q . P S ( 1 ) )  1 3 9 2 0  
10 ZS(I)= Z ( J )  
T S ( I ) = f  (J )  
R H S ( I ) =  R H ( J )  
WDS(Il= W O (  J) 
W S S ( I ) =  HSIJ) 
GO TO 33 
2 0  CONTINUE 
3 0  JJ-' J 
40 CONTINUr  
RETJHN 
E NO 
SUBROUTINE STHUCTtL,  U M I S S )  
T H I S  SUBROUtINE COMPUTES THE STRUCTURE FUNCTION. 
COMHON /BCOCKiO/  D ( 3 0 . 4 3 )  
COMMON / B L O C K l I /  U t  30,1841 
D I M E N S I O N  S U M ( 3 0 r 4 0 )  N ( 3 8 . 4 0 )  
DATA S U M , N / i Z b d * 0 , 3 , 1 2 0 ~ * 0 /  
DO 1 G  LAG=1,40 
00 10 I = l r i l 3 4  
I1 = I + L A G  
I F ( I I . G ~ , I ~ ~ )  G O  TO 10 
I F t U ( 1 , I I )  o E Q o U M I S S . O R . U ( C r I 3  oEQoUMISS)  GO TO 1 0  
SUNtLsLAG) SUH(L9LAG) + ( U ( L t I 1 )  - U(L,1))*+2 
N I L q L A G )  = N t ~ r l A G l  + 1 
10 ' C O ~ J T I N U E  
DO 50 L A G  = i r 4 O  
I F4N IL .LAG)  o E Q * O )  30940  
50 D t L q t A G )  = -9.9 
GO T O  5J 
r O  D(L,LAG) = SUM(LILAG)/FLOAT(N(LILAG) 
5 0  CONTINUL 
RETURN 
EN0 
SUBROUTINE R I T E 7 ( I M i ~ I M Z ~ I Y R ~ L , L A G )  
THIS SUBROUTINE WRITES our THE COMPUTED VALUES OF 
T H k  STRUCTURE FUNCTION, 
COHMON /BLOCKS/ PS(301 ,  Z S ( 3 d 1 ,  T S ( A U )  9 RHS(3Q) 9 
+ WDS(30) .  WSS(30)  
COMHON /BLOCKo/ AHONTH(13) 
COMMON /BLOCKIO/ Cl(30tCi l )  
DIMENSION ARRAY ( 2 l r 6 0 )  9 AOR( 2 1 )  
@ATA A A ,  48 ,  A C / I H X t l H  r l H - /  
DATA AUd/21*5H I/ 
O A T A  Ai ,A2rA3,A4/5H 50 +r5HiOO + t 5 H i 5 0  +r 5H200 +/ 
W Q I  TEI6t6OOO) 
A O R ( 5 )  = A i  
A D R t i U )  = A2 
A O R ( 1 5 )  = A 3  
AOR(2G) = A4 
00 10 K=L,LAG 
DO i ( r  I = l t 2 1  
ARRAY(I,K) = A0 
1 0  CONTINUE 
DO 30 KZ1 ,LAG 
I F ( D ( L , K )  .EQ*-9 .9 )  G O  T O  SO 
IN0 = I N J ( O ( L t K 1 / i O o D )  + 1 
I F ( I N D * G E . Z I 1  I N 0  = 2i 
DO 2 0  J = i t 2 A  
IF(IND*CQeJ) PRRAYtJrKI  = A A  
L i l  CONTINUE 
JO CONTINUE 
WRITL I 6 9 6 0 L 0 )  A M O N T H t I M I )  t I Y R ,  AMONTH(IM2). I V R  
I f ( L . h E o 1 )  GO TO 40 
W R I f E ( 6 , 6 3 2 0 )  
GI) T O  50  
4 0  Wfi ITE(6roO30)  PS(L)  
5 0  CONTINUE 
WRITE ( 6 t 6 3 3 5 )  
WRITE 16.6040 1 
D3 60 Y = l p 2 O  
K1 = K 
K 2  = K + 20 
W R I T E  ( 6 , 6 0 5 0 )  ~ i q O ( t  tK1 )  , ~ Z . D ( C I K S )  
60 CONTINUE 
WRITE ( 6 , 6 0 6 6  I 
0 0  7 0  2=1,23 
S U B R O U T I N E  R I T E 7  (IN1 r I H 2  r IY&,L(LAt) 
IT = 22 - I 
WeITE(6 rbG701  A D R ( I I )  4 A k R A Y  ( I I s J )  t J = l r L A G )  
70 CONTINUE 
W+?ITE(b,6UBG) (Nr  M = 5 9 4 ~  9 5 )  
RETURN 
6020 FORHAT (iH1,2(/) 1 
6610 FORNAT(1H *60X.+ATHENSv G E O R G I A * , / *  
+ l H u s b O X 1 A 9 ~ * q  L 9 + 1 1 2 q / r  
+ AH r 6 6 X , + T O * , / ,  
+ IH r 6 0 X , A 9 r * r  1 9 + r I 2 )  
6 b L J  F O Y M A T ( 1 H 0 , 6 4 X r + S U K F A C E * )  
t i030 FOSMAT(lH0,6@X,FS.O,*  MB LEVEL*) 
6535 FORMAT(LH . ~ ~ X I * L O N G I T U U ~ N A L + )  
0 0 4 0  FORMAT (1H  ,BOXr *2 * r / ,  
+ LH ,54x,*sri?ucrut?E FUNCTION (H/SEC)  +, / / +  
+ l H O r C 6 X r 2 ( *  K * , S X + * O  ( R ) * . B X )  ) 
6 6 5 0  FO&MAT(lH r 4 6 X * 2 ( 1 2 , 3 X g F 9 . 3 , 6 X ) )  
6363 FORMAT (ltiil) 
6 0 7 0  F O K N A T ( & H  r 2 3 X r A 5 r b S  ( 1 x 1  A I ) )  
o O B J  FORHAT ( A H  ,27X,IH-, 8 ( 3 ( 1 H - )  ,1H+) g i H ~ , / ,  
+ LH , 3 6 X r S ( I 2 r B X )  r / r  
t 1 H  r 5 7 X t * L A G  (12 H i 3  INTERVALS)* )  
EN3 
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